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Abstract 
Although many studies focusing on biomimetic design do exist, there is no systematic work for reviewing and investigating into the 
design architecture (such as the integral and modular one) of biological systems.  The objective of the present paper is to study the 
design architecture of such systems.  Several indicative examples are examined and discussed.  Moreover, methods for the 
definition of a product’s design architecture through biomimicry/biomimetics  are presented. 
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1. Introduction 
1.1. Objective 
The biological systems are most of the times perfectly 
structured. This inspires humans to mimic them, in order 
to design new products or find solutions to various 
problems.  Indicative examples can be the Neural 
Networks and the Genetic Algorithms, both belonging in 
the class of evolutionary computing algorithms that try 
to mimic a natural evolution or information handling 
with respect to everyday problems (such as forecasting 
the stock market and firms’ turnovers), the development 
of composite, multi-functional and functionally graded 
materials (honeycomb, hydrophobic materials etc.) and 
finally, the invention of various products mimicking 
biological systems (such as the Velcro and the swim 
fins).   
Focusing on product design, inspired by biology, 
there exist a number of comprehensive papers and 
books.  The work of Shu et al. [1] is probably the latest 
critical review on biologically inspired design research, 
where several examples are surveyed, methods for 
biomimetic design are presented and a general approach 
is illustrated through the use of different design 
examples.  Bar-Cohen’s [2] book, contains pioneering 
approaches to biomimetics, principles of using biology 
to inspire designs while it surveys the field from 
modeling to applications at both nano- and macro-scales.  
Olariu and Zomaya [3], in their book reveal the 
connections between the different bio-inspired 
techniques for the development of solutions to design 
and other kinds of problems.  Several examples and case 
studies are presented.  Finally, Bhushan [4] in his paper, 
provides a broad overview of the field of biomimetics.  
It describes objects and processes of interest, found in 
nature as well as applications under development or their 
availability in the marketplace.   
After having extensively reviewed the existing 
literature, it was revealed that, although many studies 
focusing on the biomimetic design do exist, there is not 
any study that reviews and investigates systematically 
the design architecture of biological systems and in 
particular the integral and modular character of 
biological systems.  The objective of the present paper is 
to study the design architecture of such systems.  Several 
indicative examples are examined and discussed.  
Moreover, methods for the definition of a product’s 
design architecture through bio mimicking are presented. 
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1.2. Definitions 
Every product is designed and produced upon a 
certain market request, for the fulfillment of certain 
functions.  These functions may be realized through a 
certain form of implementations that correspond to 
different product architectures [5].  Differently, a 
product architecture can be defined as: “the arrangement 
of functional elements”, “the mapping from functional 
elements to physical components”, “the specification of 
the interfaces among interacting physical components”, 
etc.  The functional elements of a product are the 
individual operations and transformations that contribute 
to the product’s overall performance.  According to this 
characterization, two are the main dominant product 
architectures: the integral and modular ones.  An integral 
architecture includes a complex (many-to-many) 
mapping from functional elements to physical 
components and/or coupled interfaces between 
components.  On the other hand, a modular architecture 
presents one-to-one correspondence between modules 
and functions and specifies de-coupled interfaces 
between components [6].  Both design architectures have 
their Pros and Cons.  From a modular architecture, 
enhanced customization and product variation can be 
achieved as well as commonality among the parts of 
each variant, may be easily obtained.  However, modular 
products are usually large, heavy and lack in aesthetics.  
On the other hand, integral products are compact, 
lightweight and stylish, but non customizable and very 
sensitive to changes since a change in the component of 
the product affects also the other ones [7]. 
2. The Design architecture of biological systems 
There exists a tendency in nature to reduce 
complexity via modularization.  This tendency grows 
when more suitable modules that enable nature to create 
very sophisticated and intelligent creatures, become 
available [8].  On the other hand, many biological 
systems for their proper operation need to have their 
parts strongly dependent on each other and work as a 
whole, thus presenting an integral structure.  In the 
following sections, several case studies from nature and 
biology are presented revealing these two design 
architectures. 
2.1. Biological organisms 
Biological organisms are able to perform different 
functions through the cooperation of a set of body 
organs.  By several researchers, biological organisms are 
considered and studied as modular systems where each 
body organ is seen as a module responsible for a 
function.  Indicatively, Wagner et al. [9] claim that there 
is an emerging agreement that biological organisms are 
dominated by a modular organization.  What is still 
undefined is whether the modules arise from the action 
of a natural selection or it has to do with biased 
mutational mechanisms.  On the other hand, according to 
Thompson [10], biological organisms are considered 
modular, due to their lack in comprehensively 
understanding the complexity of such systems.  He 
argues that the different parts of the entire body are 
related to each other through strong functional 
correlations and thus, he insists that natural organisms 
follow an integral architecture.   
2.2. Human face 
The human face is a complex morphological structure 
consisting of several components, characterized by 
different levels of morphological integration.  These 
components may be considered as modules, controlled 
by a specific group of genes, which share a common set 
of developmental constraints or share locally acting self-
regulatory developmental mechanisms.  However, while 
observing the human face from a higher level, an 
integral structure is revealed, where the different 
modules fit and work together as a coherent whole [11]. 
2.3. Mouse mandible 
The mouse mandible has long served as a model 
system for complex morphological structures, that is, 
structures that are composed of multiple parts with 
different embryological origins and timing of 
differentiation.  Klingenberg et al. [12] through an 
approach that they developed, proved that the mouse 
mandible follows a modular architecture, consisting of 
two primary functional units: the alveolar region, which 
is the anterior part bearing the teeth, and the ascending 
ramus, which provides surfaces for muscle attachment. 
2.4. Mammalian brains 
According to Bryson and Stein [13], there are at least 
three different types of modularity, which all follow a 
hierarchical organization, characteristic of mammalian 
brains.  At first, there is architectural modularity, due to 
the fact that the mammalian brain comprises of different 
types of nerve cells connected with synapses.  The types 
and the connectivity between the cells and the synapses 
characterize different brain modules with computational 
capabilities (Figure 1).  Secondly, a functional 
modularity is observed.  Each module/region of the brain 
undertakes a separate role and function in the organism’s 
operation.  Finally, there exists a temporal modularity, 
which preserves that different computational 
configurations cannot be made contemporaneously.   
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Fig. 1. Human brain’s modularity [14] 
2.4.1. Example: Cerebral cortex 
The cerebral cortex is a typical example of the lower 
level modularity in brain.  The cerebral cortex is a sheet 
of neural tissue in the outermost of the cerebrum in a 
mammalian brain.  It is where the information 
processing takes place and plays a key role in memory, 
attention, perceptual awareness, thought, language and 
consciousness.  Across its two dimensions, it hosts many 
functionally distinct areas (e.g. 65 areas in cat) which 
process information in parallel as well as via 
hierarchically organized pathways.  These areas can be 
grouped together into four clusters, each one having 
different functionality and sizes: visual, auditory, 
somatomotor and frontolimbic.  Figure 2 indicatively 
shows through a Design Structure Matrix (DSM), the 
connectivity among the different cortical areas as well as 
the four different clusters that may derive (based on this 
connectivity), for the brain of a cat [15]. 
 
Fig. 2. Connectivity of the different cortical areas and clusters 
formulated, on cat’s brain [15] 
2.5. Tissues 
Modular tissue forms can be met (e.g. limb bud, tooth 
germs) in vivo tissue development.  This modularity is 
observed, because they exhibit a high degree of 
independence from other co-developing tissues and are 
able to continue their development ectopically.  
Moreover, these tissues, due to this architecture, are 
characterized by a high stability to external 
perturbations, since such perturbation of their 
microenvironment can be considered being their 
implantation to other developing tissues of the organism. 
The modular architecture of in vivo tissues, has 
recently given new direction to the in vitro tissue 
engineering.  Bioengineers are now trying to develop 
modular bioartificial tissues by mimicking the 
modularity of in vivo tissues [16]. 
2.6. Metabolic networks 
A metabolic network is the complete set of metabolic 
and physical processes that determine the physiological 
and biochemical properties of a cell.  Ravasz et al. [17] 
showed that the metabolic networks of various 
organisms are arranged into many small, highly 
connected topologic modules hierarchically combined 
into larger, less cohesive units, with their number and 
degree of clustering following a power law.  This 
hierarchical modularity, in biological networks, supports 
the assumption that evolution acts at many levels.  The 
accumulation of local changes, affecting the small highly 
integrated modules, slowly impacts the larger, less 
integrated modules as well.  Thus, evolution might act in 
self-similar fashion, copying and reusing the existing 
modules in order for the organism's complexity to be 
further increased [18].  Figure 3 depicts the modularity 
of metabolic networks through an example of a complex 
network.  In (A), the relation among the nodes is 
demonstrated through a topological overlap, while (B) 
shows the same relation with a clustered topological 
overlap matrix (resembling to clustered DSM) where the 
nodes with a high topological overlap are placed close to 
each other.  The color code denotes the degree of 
topological overlap among the nodes. 
 
Fig. 3. Uncovering the underlying modularity of a complex network 
(A. Topological overlap illustrated on a small hypothetical network, B. 
The topological overlap matrix corresponding to the small network 
shown in A) [17] 
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3. Methods for the definition of product’s design 
architecture through biomimicking 
The knowledge transfer to the application of 
biomimicry during the design process, can follow either 
a biology-to-design (solution driven approach) or a 
design-to-biology (problem driven approach) path.  
According to the first approach, an interesting biological 
phenomenon is the motivation of the search for potential 
applications, while in the second one, for a given 
problem, a biological analogy is tried to be identified in 
order for a design solution to be found.  The 
identification of the products’ design architecture is part 
of the design process and therefore, one of the above 
approaches is possible to be followed.  In the following 
paragraphs, the basic principles of these two methods are 
presented. 
3.1. Biology-to-design approach 
In the case of biology-to-design method, the designer 
gets inspired by a biological model with potential 
qualities, promising new design ideas.  The features of 
the model, providing these qualities, are determined in 
order to be transformed into functional requirements and 
design parameters for the product to be designed.  A 
procedure for biology-to-design biomimicry is presented 
in Fig. 4..  An indicative example of this process is the 
invention of the Velcro hook and the fastener in 1940s 
by George Mestral, who was inspired by the observation 
of the behaviors and qualities of the natural hook surface 
of a cocklebur, under a microscope. 
 
Fig. 4. The procedure for Biology-to-Design Biomimicry [19] 
3.2. Design-to-biology approach 
This approach is pursued when a specific problem is 
tried to be solved through mimicking a natural model.  
The spiral method, introduced by the Biomimicry 
Institute [20], is considered as the main method of this 
research.  It focuses on the reiterative essence of the 
process and consists of six stages, which are described in 
Figure 5 [20-21]. 
 
Fig. 5. The Challenge to Biology Design Spiral [20] 
4. Conclusions 
Biological systems do follow a certain design 
architecture.  As it was demonstrated from the various 
case studies in the paper, such systems were most of the 
times hierarchically organized and therefore, a modular 
intensive design architecture was followed.  In fact, 
several types of modularity can be met at the different 
hierarchical levels, namely the architectural, functional 
and temporal ones.  However, there are also cases where, 
in order for the biological systems to function properly, 
strong relations among the different parts are required.  
In this instance, an integral design architecture is 
revealed.  Furthermore, the biology-to-design and the 
design-to-biology were recognized as methods for the 
identification of a product’s design architecture through 
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biomimicry.  Although great progress has been made 
over the last decade, the understanding and recognition 
of natural and biological systems’ design architecture is 
at an early stage.  There is research that should still be 
conducted in this field for enabling the better 
understanding of nature’s structure besides bringing 
novel ideas into the biomimetic design domain.  
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